6-iodohexan-1-aminium iodide, (IC 6 H 12 NH 3 )I
The ammonium salt was prepared according to a modified literature procedure. 1 In a round-bottom flask, 0.605 g (5.16 mmol) of 6-aminohexan-1-ol was dissolved in 5 mL of concentrated hydroiodic acid. The flask headspace was sparged with N 2 and the solution was heated at 80 °C for 23 h. The solvent was removed using reduced pressure at 50 °C to recover a light yellow solid. This solid was filtered, washed with diethyl ether (10 mL  2), and held at reduced pressure to yield 1.06 g of colorless powder (yield 57.7%). 
6-iodohexan-1-aminium tosylate, (IC 6 H 12 NH 3 )(CH 3 C 6 H 4 SO 3 )
A 1-mL methanol solution of 6-iodohexan-1-aminium iodide (1.79 g, 0.503 mmol) at 0 °C was added dropwise to a 60-mL methanol solution of silver(I) tosylate (0.140 g, 0.502 mmol) and the mixture was allowed to stir in the dark for an additional 10 minutes at 0 °C. The resulting colorless suspension was filtered through glass filter paper to recover a clear solution. The solvent was removed from the filtrate at reduced pressure to afford 0.176 g (87.8%) of 6-iodohexan-1-aminium tosylate. Powder of (C 6 ) 2 [PbI 4 ] was prepared according to a modified literature procedure. 2 Solid PbI 2 (0.369 g, 0.800 mmol) was dissolved in 2 mL of concentrated hydroiodic acid and sonicated for 5 minutes. Then 1-hexylamine (0.220 mL, 1.67 mmol) was added to this solution. The resulting red-orange suspension was heated at 100 °C for 3 h and then cooled to room temperature. The resulting red-orange crystals were filtered through a glass frit and washed with diethyl ether. The red-orange solid was then ground and held at reduced pressure to afford 0.531 g (72.1% yield) of product. The recovered powder was stored in a desiccator in the dark to inhibit decomposition.
(IC 6 H 12 NH 3 ) 2 [PbI 4 ] perovskite, (IC 6 ) 2 [PbI 4 ]
Powder of (IC 6 ) 2 [PbI 4 ] was prepared according to a modified literature procedure. 2 Solid PbI 2 (0.455 g, 0.987 mmol) and 6-amino-1-hexanol (0.272 g, 2.32 mmol) were dissolved in 2 mL of concentrated hydroiodic acid and sonicated for 5 minutes. The resulting yellow-orange solution was heated at 100 °C for S3 3 h and then cooled in air to room temperature. The resulting red-orange crystals were filtered through a glass frit and washed with diethyl ether. The red-orange solid was then ground and held at reduced pressure to afford 1.03 g (88.8% yield) of product. The recovered powder was stored in a dessicator in the dark to inhibit decomposition.
Preparation of oriented films
Glass or quartz slides were sequentially cleaned via sonication in aqueous Sparkleen ® detergent, deionized water, acetone, and isopropanol. The slides were finally treated with a 15-minute UV-ozone etch immediately prior to use. Oriented films of the lead-iodide perovskites (with the inorganic sheets parallel to the substrate) were deposited by spincoating. Typically, a 0.4-M DMF solution of the lead-iodide perovskite was sonicated and then filtered through glass filter paper or 0.22-μm pore size Teflon syringe filters. Then 50-100 μL of the solution was deposited on the slide, which was then spun at 3000 rpm for 50 s and then at 5000 rpm for 10 s. The films were annealed at 100 °C for 10 minutes before cooling to room temperature in air. [PbI 4 ] to Br 2 , we first verified that the PXRD patterns of the recovered products did not match those of the precursors (Figures S13-S15). Preliminary analysis suggests that the interlayer spacing in the Pb-Br lattice is greater than that of the Pb-I lattice, which may be due to differing degrees of interdigitation in the organic bilayer. We have previously observed a contraction of the interlayer spacing when moving to perovskites with larger halides. 3 Based on single-crystal X-ray analysis, the distance between inorganic sheets in (HBrCCHBr(CH 2 ) 2 NH 3 ) 2 [PbCl 4 ] is larger than this distance in (HBrCCHBr(CH 2 ) 2 NH 3 ) 2 [PbBr 4 ]. Within the inorganic layers, the next-nearest neighbor Pb•••Pb distances are larger in the Pb-Br lattice, as expected. Therefore, upon substitution of Pb-Br for Pb-Cl, the intralayer Pb•••Pb distance decreases, yet the interlayer distance increases. Such non-systematic variation in lattice parameters is common in these materials.
Halogen conversion reactions
We then calculated the total Pb:Br:I ratio through ICP-MS data. Using the ratio of Br:I in the organic layer, as determined by 1 H NMR of the digested samples (Figures S17 and S18), we then determined the Br:I ratio in the inorganic layer.
We also tested if the organic cations alone would react similarly with bromine gas. Our control reactions showed that Br 2 vapor can replace the iodine atoms in solid samples of both the iodide and tosylate salts of IC 6 . We obtained very low yields (6-7% yields) in these control reactions, likely because in contrast to the perovskites, which allows for intercalation throughout the material, only the exterior regions of the solid IC 6 + salts reacted with Br 2 gas ( Figures S21 and S22 ).
Perovskite bromination reactions
To preclude the formation of halogen radicals, all manipulations were conducted in the dark unless stated otherwise. Bulk powder samples of (IC 6 ) 2 [PbI 4 ] were suspended in anhydrous 1,2-dichlorobenzene and milled for 8 h at 800 cycles·min 1 on a Fritsch Pulverisette 7 planetary ball mill. This powder was then isolated and dried under reduced pressure and dispersed in a solution of bromine in 80 mL of anhydrous benzene, sealed, covered with foil, and allowed to stir for 5 days at room temperature. The precipitate was recovered using nylon filter paper and washed with a copious amount of anhydrous benzene. For partial bromination, the molar ratio of 
Bromination of 6-iodohexan-1-aminium salts
To prevent the formation of halogen radicals, all manipulations were conducted in the dark unless stated otherwise. Solid 6-iodohexan-1-aminium iodide (0.034 g, 0.096 mmol) that was freshly washed with diethyl ether was added to a small paper funnel and held at reduced pressure to remove moisture and iodine. The sample was then placed on a glass frit connected to a custom-made bromine vapor flow system. In the system, N 2 was flowed over a round-bottom flask filled with bromine at a rate of 40 mL·min
1
. This flow was diluted with an additional N 2 flow of 2 L·min
prior to reaching the sample. The sample was exposed to this diluted gas mixture for 10 minutes. The resulting 0.030 g of orange gel was held at reduced pressure to remove volatile side products and was analyzed by 1 H NMR.
Solid 6-iodohexan-1-aminium tosylate (0.016 g, 0.040 mmol) contained in a small paper funnel was placed on a glass frit connected to a bromine flow system. Then N 2 was flowed over a round-bottom flask filled with bromine at a rate of 40 mL·min 
Powder X-ray diffraction (PXRD)
Experiments on powders and oriented films were conducted on a Panalytical X'Pert Pro diffractometer with a Bragg-Brentano geometry with programmable divergence slits equipped with a nickel filter and PIXCEL 1D detector with copper anode (Kα 1 = 1.54060 Å, Kα 2 = 1.54443 Å, Kα 2 /Kα 1 = 0.50000, step size 0.02 °2θ). In situ PXRD measurements with I 2 used a custom gas-tight flow stage ( Figure S8 ).
Crystal structure determination
A crystal was coated with Paratone-N oil, attached to a Mitegen loop or micromesh mount, and transferred to a Bruker D8 Venture diffractometer equipped with a Photon 100 CMOS detector. Frames were collected using  and ϕ and scans and the unit-cell parameters were refined against all data. Data were integrated and corrected for Lorentz and polarization effects using SAINT v8.34A and were corrected for absorption effects using SADABS V2014/2.
4
The structure was solved using the intrinsic phasing method implemented in APEX2. It was refined against all data using SHELXTL 5, 6 and OLEX2 7 software. 8 Hydrogen atoms were inserted at idealized positions and refined using a riding model with an isotropic thermal parameter 1.2 or 1.5 times that of the attached carbon or nitrogen atom, respectively. Thermal parameters for all nonhydrogen atoms were refined anisotropically.
In situ optical measurements
In situ optical absorbance spectra were acquired using an OceanOptics USB4000 spectrometer with a mercury lamp light source or a Cary 6000i spectrometer. For time-dependent measurements, spectra were acquired over 100 ms and then 10 scans were averaged. Films on glass were held in a quartz cuvette with a custom 3D-printed poly(lactic acid) cap to allow for nitrogen and iodine flow over the sample ( Figure  S8 ).
Inductively coupled plasma mass spectrometry (ICP-MS)
Data were collected at the Stanford University Environmental Measurements Facility. Typically, 10 mg of a perovskite was dissolved in 5 mL of 5% aqueous HNO 3 solution, sonicated, and filtered through 0.22-μm S5 poly(vinylidene fluoride) (PVDF) membranes. The resulting solution was diluted 100-fold and used for ICP-MS analysis for lead (Pb) and bromine (Br) content.
Other physical measurements
Room-temperature optical absorbance spectra for thin films were acquired on an Agilent Cary 6000i spectrometer. Low-temperature absorbance spectra were acquired on a Cary 500 spectrometer. Films were deposited on quartz discs and cooled to 5 K using a Janus STVP-100 optical continuous flow cryostat. The thickness of the films was determined using a Dektak 3 Profilometer. NMR spectra were recorded on a Varian Mercury 400 MHz instrument and peaks were referenced to residual solvent peaks. Samples were dissolved in DMSO-d 6 (δ 2.50) or methanol-d 4 (δ 3.31). Data are reported as follows: chemical shift (multiplicity, integration).
Computational details
Different theoretical and computational approaches are implemented in this work. For structural optimization and electronic structure calculation, density functional theory (DFT) calculations are performed using the plane-wave projector augmented wave (PAW) method 9, 10 as implemented in the VASP code [11] [12] [13] . We used the PAW data set supplied in the VASP-PAW package with the following valence orbitals: Pb [5d ] atoms. In addition, the wavefunctions are expanded using a plane-wave basis set with an energy cut-off of 500 eV.
For structural optimizations, both internal coordinates and cell parameters are relaxed. After a first relaxation using the local density approximation (LDA), the final structure is determined using the generalized gradient approximation (GGA) optimized to take into account weak interactions as proposed by Dion and co-workers and revised by Klimeš et al. The functional used for these calculations is the optB88-vdW functional (hereafter denoted as GGA+vdW). [14] [15] [16] The structures are relaxed until the forces are smaller than 10 4 eV/Å. Except for some values reported in Tables S2 and S3 , all physical properties are computed using the perovskite structures that have been optimized at the GGA+vdW level of theory.
Subsequent calculations to determine projected density of states (pDOS) and electronic band structures are performed using three different levels of theory (i) GGA+vdW, (ii) GGA+vdW with the addition of spin-orbit coupling (SOC; hereafter denoted as GGA+vdW+SOC) and (iii) the Heyd, Scuseria and Ernzerhof (HSE) hybrid functional with SOC (hereafter denoted as HSE+SOC). [17] [18] [19] Except for the well-known variation of the bandgap, we checked that no qualitative difference arises between the HSE+SOC and GGA+vdW+SOC levels of theory ( Figure S3 ).
In the case of band structure calculations, the reciprocal space integration is performed over a 4×4×1 Monkhorst-Pack grid. 20, 21 The pDOS and dielectric responses are computed using a 8×8×1 grid Monkhorst-Pack grid. As it is computationally unaffordable, it has not been possible to compute dielectric responses at the HSE+SOC level. We therefore used the GGA+vdW+SOC level of theory for these calculations.
Dielectric profiles are calculated using the SIESTA package. 22, 23 Core electrons are described with Troullier-Martins pseudopotentials 24 , while the valence wavefunction is developed over a double-zeta polarized basis set of finite-range numerical pseudoatomic orbitals. 25 We use the aforementioned optB88-vdW functional together with on-site corrections for SOC. 26 A more detailed description of the computation of dielectric and self-energy profiles can be found in our previous work.
27, 28

Rydberg model for the exciton binding energy (E b )
The E b in 2D perovskites is much higher than the E b of 3D perovskites owing to quantum confinement and dielectric confinement. To estimate the magnitude of these two contributions to the E b of the 2D perovskite, we calculated the E b for the 2D perovskite considering only quantum confinement effects. For this, we first computed the E b of the material assuming it was electronically 3D by using the hydrogenic Bohr model S6 modified by the maximum dielectric constant of the inorganic layers ( ) and the computed electronhole reduced mass ( ) for the 2D perovskite. This gives the pseudo-Rydberg energy or E b , 3D :
Here, E b , 3D is the E b of the electronically 3D material, is Planck's constant, is the speed of light, and is the charge of an electron. With respect to the hydrogenic Bohr model, the vacuum dielectric constant has been replaced with the maximum dielectric constant of the inorganic well layers (5.4 and 7.0, without or with I 2 , respectively), and the free electron mass has been replaced by the electron-hole reduced mass. The E b of the electronically 2D material (considering only quantum confinement) can then be estimated as E b,2D = 4E b,3D . 29, 30 Our experimental E b values are higher that these computed values, indicating the contribution of the exciton's dielectric confinement to its E b .
Self-energy corrections to the bandgap and exciton binding energy
The various contributions to the electronic bandgap of 2D/3D structures can be estimated from theoretical calculations by using the following decomposition: 27, 28 ; ,
where ;
; , Σ is the bulk bandgap evaluated either from experiment or at the DFT level, including self-energy corrections due to many-body effects. Effects of quantum confinement and lattice distortions can be estimated from , . For pure 2D hybrid perovskites with similar effective masses, variations of , are essentially expected from lattice distortions. In the present work, the selfenergy variations Σ are mainly associated to chemically induced changes of the dielectric properties of the layered heterostructures.
Starting from a classical modelling of the dielectric profile at the nanoscale, Σ can be estimated for the monoelectronic states close to the bandgap. Until recently, analyses of the effect of dielectric confinement on the exciton resonances relied on a crude modeling of the dielectric profile through the heterostructure, namely an ad hoc abrupt dielectric interface separating layers with bulk-like dielectric constants. 31 This approach has several severe limitations. It leads to unphysical mathematical divergences of the self-energy profile at the interfaces. 27, 28 It is also difficult to exactly define the size of the layers, as an atomistic description of the interfaces is lacking. Finally, the dielectric constants of the inorganic layers are approximated as the bulk dielectric constant of the corresponding 3D perovskite (CH 3 NH 3 )PbX 3 (X = Br, Cl, I) 32 or lead halide 33 , even for the case of the very thin (n = 1) inorganic layers. We have recently shown that DFT can be used to calculate dielectric profiles of layered systems with improved accuracy, yet still at a reasonable computational cost. 27, 28 This approach takes advantage of the ab initio description of nanoplatelets or 2D/3D heterostructures, and in particular of interfaces. The planar average of the self-energy correction Σ z can be derived from the transverse Fourier transform of the electrostatic potential , , produced at position by a charge located at position :
, , is obtained by solving the inhomogeneous Poisson equation:
, , , , .
For a homogeneous bulk material, the analytical solution reads:
S7 Equation (5) shows that the dielectric profile , i.e. along the principal axis ( , ) of the slab of 2D perovskite ( Figure 5 and S6) , is needed to accurately compute , , and subsequently Σ z according to equation (3) .
Figures S6E and S6F display the calculated self-energy corrections implementing this approach for slabs of (IC 6 ) 2 [PbI 4 ] and (IC 6 ) 2 [PbI 4 ]·2I 2 , respectively. Each slab is composed of three adjacent inorganic layers and their respective hydrogen-bonded ammonium cations. At the edges of both slabs, the last peak and minima in the self-energy correction are a result of the organic molecules that passivate the outermost inorganic layers. One notable feature is that while the organic component between the inorganic layers in (IC 6 ) 2 [PbI 4 ] undergoes a tiny correction of the self-energy of ca. 0.01 eV, the I 2 -intercalated slab exhibits a correction of ca. 0.10 eV in the same spatial region. As a result, the fluctuations in self-energy between the organic and inorganic layers are quite small in the middle of the (IC 6 ) 2 [PbI 4 ]·2I 2 slab.
Next, we obtain the semi-classical evaluation of Σ for both the conduction band (CB) and the valence band (VB) states by computing the following integrals over a unit cell, taking the central part of Finally, to compute the full absorption spectrum including excitonic effects, we still need to include the electron-hole interaction. Details will be published in a forthcoming publication. In short, this is implemented semi-empirically by solving the Bethe-Salpeter equation (BSE) based on the work by Chuang et al. 34 , considering 0 due to the 2D character of the material of interest. The exciton Green's function is solved according to equation (19) of reference 34. The optical susceptibility is computed using equation (14) of reference 34. The effective mass approximation is used for the energies (equation (11) of reference 34), with effective masses extracted from the HSE+SOC VB and CB dispersions. Corresponding wavefunctions (equations (8a) and (8b) of reference 34) are also deduced from the DFT computed electron densities at the center of the Brillouin zone.
Then, considering the corrected bandgaps determined in the previous paragraph, we obtain the absorption spectra, including excitonic effects ( Figure S7 ). According to this procedure, the exciton's binding energy amounts to 288 and 171 meV, for (IC 6 ) 2 
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Figure S12. Powder X-ray diffraction patterns of (H 3 NC 6 H 12 NH 3 )[PbI 4 ] (a perovskite containing an organic monolayer, which should not permit I 2 intercalation) as it is successively exposed to increasing concentrations of I 2 vapor in Ar gas. The reflections corresponding to the original material (black) decrease in intensity while no new reflections appear. This indicates that the material becomes amorphous without I 2 intercalation. Figure S11 . In situ optical absorbance spectra of (IC 6 ) 2 1 H NMR spectrum of the reaction products of (IC 6 H 12 NH 3 )(CH 3 C 6 H 4 SO 3 ) with Br 2 . Inset: Close-up of the spectral region containing primary alkyl-halide resonances. Note the presence of peaks assigned to both terminal alkyl bromide (δ 3.53) and alkyl iodide (δ 3.28) functionalities. Only a small amount of the alkyl bromide product is present.
